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ANALYSIS OF IMPACT FRACTURE PHENOMENA BY MEANS OF THE
SHADOW OPTICAL METHOD OF CAUSTICS

J. F. Kaithoff, W. Bohme, and S. Winkler -e%

Fraunhofer-Institut fur Werkstoffmechanik .
Rosastrasse 9
78oo Freiburg/Brsg., West-Germany

Abstract

The shadow optical method of caustics is applied for investigating
the fracture behavior of cracks under impulse loads. The loads are
produced by a drop weight or by an impinging projectile. Results on
the dynamic stress intensity factors before, at, and after onset of
crack propagation are discussed for the different loading rates ob-
tained. ..,%. ,

1. Introduction

In static fracture mechanics crack tip stress intensity factors can easi-

ly oe determined from external measurements of loads or displacements. In ,,

fracture dynamics the situation is more complex due to additional time

effects. Correct dynamic stress intensity factors are qbtained by direct-

ly evaluating the local stress strain field around the crack tip. The -

shadow optical method of caustics ;s ar, appropriate experimental tool for .

measuring stress intensifications since the method is sensitive to stress % N%%

gradients near the crack tip. The physical principles of the caustic
technique are described. The method is applied to analyse the fracture .,%-"""

behavior of cracks under different conditions of impact loading.

2. The Shadow Optical Method of Caustics

The method of caustics was originally introduced by Manong 11,21 in 1964.

Later on, Theocaris 131 further developed the technique. The authors and V'.-

their coworkers extended and applied Mano'g's method for investigating

dynonic fracture phenomena 14-81. ' "

The physical principle of the method is illustrated in Fig. 1. A pre-

cracked specimen of a transparent material under load is illuminated by

a parallel light beam. A cross section through the specimen at the crack

tip is shown in Fig. lb. Due to the stress concentration at the crack tip

148

4W-

S%
.................... :...

... .. .. ... .. .. ... .. .. ... .. ..

%\ % °'- J ,



, ..' % ,J %

ill 7J LIGHT , ,%

IC°NCENTRAII°N  .',o," ,

% .% %

-• ~SHADOW AREA " ,'[W a"
r C~RACK SURFACE " - %

CRACK % l
SuRF:ACE j, ,

I LIGHT

LIGHT CONCENTRATION " '
INCIDENT

Fig. 1 Physical principle of the shadow optical method of caustics

both the thickness of the specimen and the refractive index of the ma- "

terial are reduced. Thus, the area surrounding the crack tip acts as a

divergent lens and the light rays are deflected outwards. As a conse-

quence, in an image plane at a distance zo behind the specimen a shadow

area is observed which is surrounded by a region of light concentration,

the caustic. For optically isotropic materials a single caustic is ob-

tained, for optically anisotropic materials the caustic splits up into

a double caustic. The method can also be applied with non-transparent

materials such as steels when used in reflection. %

The mode I shadow pattern was calculated by Manogg I1l from the linear

elastic stress strain field around the crack tip. Fig. 2 compares the

results with shadow patterns photographed in transmission and in re- '

flection with different materials. Quantitatively the diameter of the

%

OPTICALLY ISOTROPIC OPTICALLY ANISOTROPIC
MATERIAL MAT.EAL ,'Ii.-,j ", ", "

PMqMA HIGH STRENGTH STEEL ARAI.OITE B 1 p
RASfSINI (EFLECTION) ITRANSMtSSION).,*

Fig. 2 Mode I caustics lw "
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K 2 " 2-r D5/2 
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3 ' fIcdeff Z0,

where

K1  Mode I stress intensity factor, -'

D. diameter of the outer/inner caustic,

Oi numerical factor for outer/inner caustic, p.
c phutoelastic constant,

def effective specimen thickness, 0~

d = total specimen thickness,

z0 =distance between specimen and image plane.

Numerical values of the constants which appear in formula (1) are given .

in Table 1 for different materials. The formula is correct for station-

ary cracks under both static and dynamic loading conditions, but it can%
also be applied for propagating cracks with an accuracy sufficient for '.,

engineering purposes. Further details are given in 18,91.A

TABLE 1 - Constants for Caustic Evaluation

Elost,' Constants Shadmw Optical Constants Ettftto.
Thicliti.s

to, Plane St,.ss tor Plan.t Stta,n

Modulus Ratio C f,, fi C fo t. df,

/Matboral MNI.,, ro IN rn2/N

TRANSMISSION Itz,, 0)I

Oticrally Antsotropic

Aitildft. 8 3660* 0 392" -0970.10 t0 3 31 305 ~0 5W. to- 0 3 1.1 299 d

CR3 5 0 0L.3 -1 200 .10-0 3 25 310 o0 1-10 333 30'. d 9

Plate Glass 13900 0 231 *0027 X 0lo~ 34'3 298 -01 .~t 10-' 36? 297 d

HOMnO~. 100 '.820, 0 310 - 0 920 .1 0-1 3 23 3 11 0 076,7 . 10-0 32'. 310 d ,a,

Oplioally IsoIlopC

PMMA 324.0 0 )so -1 080 . 0OK 317 -0750, . 1
0  

D 317

REFLECTION. I z.00)

6Ali nalvials E v 2vIE 317 d/ 02

For cracks subjected to a combined mode [ mode Il loading the caustic

becomes unsyfnetric, as it is shown in Fig. 3. The stress intensity fac-

tors K1 and K1  are then determined by the two diameters Dma and Dmi

defined in the figure Ilo,111.
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Fig. 3 Mode I mode 11 caustics (a -calculated, b -measured)

3. Experimental Procedure

Two kinds of impact experiments have been performed. Prenotched speci-
mens were loaded by a drop weight or by an impinging projectile. A sche-

matic view of the loading arrangements is given in Fig. 4. The mechani-
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The specimens were made from a model material the epoxy resin ;-raldite

B. This material is well suited for dynamic investigations since the

mechanical and optical properties of the material vary only very little

with loading rate 181. Either naturally sharp cracks or blunted notches

were utilized. The shadow optical technique was applied in transmission.

The caustics were photographed with a Cranz-Schardin 24 spark high speed

camera. Prior to impact the drop weight or the projectile interrupts a .

laser beam thus providing the signal to trigger the high speed camera. A •

typical series of shadow optical photographs is given in Fig. 5. Only

12 of the total 24 pictures are reproduced. The photographs snow the

precracked center part of a specimen loaded by an impinging pco jectile
(see also Fig. lo). m .. _-..

..-

Fig. 5 Shadow optical photographs of a precracked specimen loaded by an

impinging projectile (see also Fig. lo)

3.1 Drop weight loading

.pecimens of size 650 x 118 x 10 mm with initial notches of 35 mm were

impacted by a drop weight ol 1.4 kg at a velocity vo of 5 m/s. The sup-

port span was 472 mm. The results of two experiments are shown in Fiq. t"..

The dynamic stress intensity factor Kdyn (upper daqram) and the rack

length a (lower diagram) are plotted as functions of time t. The times

are given in absolute units and in two relative units, TL and t. T s

the time it would take a longitudional wave to travel a distan(e given

by the crack length a. t is the period of the oscillation of the imta< ted

bend specimen determined by a formula given by Ireland 1121. In additioin

in . , .. +
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Fig. 6 Fracture behavior of a precracked bend specimen

under drop weight loading

to the stress intensity factor the load PHmeasured by a strain gage

at the tup of the striking hammer is also shown in Fig. 6.

The start of the stress intensity factor curve is delayed with regard

to the load curve. This is due to the different wave propagation paths

between the point of impact and the positions where the respective sig- -

nals were recorded. The critical stress intensity factor for onset of

crack propagation, i.e. the dynamic fracture toughness Kid, is about

0.67 MN/mS" This value is only somewhat smaller than the static frac-

ture toughness Kic = 0.70 MN/m'2 for this batch of material. The time

to fracture tf measured from the beginning of crack tip loading til

the point of onset of propagation is 123 ws or 8.8 TL or 0.14 T. .,,,

After the crack has become unstable the crack velocity steadily in- %,

creases up to a rather high value of 310 m/s. During this phase of -
crack propagation the dynamic stress intensity factor continues to %

grow, but the slope of the KIYn(t)-plot after crack initiation is less

steep than before instability.

In instrumented impact tests the dynamic fracture toughness KId is usu-

ally determined from the hammer load at the moment of instability,

PH(t=tf), utilizing conventional static stress intensity factor formu- -.-

153 -.
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las originally derived for bend specimpns subjected to quasistatic load- ,...

ing. If KId would be calculated in a formal manner according to this "

procedure an unrealistically high value of 12 MN/m:'/ would be obtained

[131. This result indicates the strong influence of dynamic (inertia)

effects associated with impact experiments, in particular for short ,

times to fracture (tf < T). -

Further experiments have been performed with an increased observation

time. Fracture was delayed by utilizing blunted initial notches and a
rather low impact velocity of 0.5 m/s. The experiments have been per-

formed with specimens of size 412.5 x 75 x 10 mm which were struck by a

hammer of 4.9 kg at a support span of 300 mm. In Fig. 7 the shadow opti-

cally determined dynamic stress intensity factors are shown during load-

ing of the stationary crack for times up to about 5 t. These data are

compared to the static stress intensity factor K Yn(P.) calculated from

the load PH registered at the tup of the striking hammer utilizing con- ...-

ventional static stress intensity factor formulas from ASTM E 399.

The KtI  values show a strongly oscillating behavior, wnereas the actual '- .4.

dynamic stress intensity factors Kdyn show a more steadily increasing B
tendency. For small times these differences are very pronounced, in par- %

* stat ,<dyn .ticular K I Ky (see before). With increasing time, the differ- .
ences become smaller but within the observation time the influences of

dynamic effects obviously did not vanish and there are still marked

differences between KS tat and .dyn In a method for measuring the dynam- 4
ic fracture toughness values Kid in instrumented impact tests [141 it is

-Id

statvassumed that for times larger than 3T K values would represent a
good approximation of the actual dynamic stress intensity factor dyn

These data, however, indicate that a static analysis is not adequate to %e

describe the loading condition in the specimen, even for times t > 3.

All drop weight experiments showed an interesting feature in their crack '-•..'. .

propagation paths. At the end of the crack propagation event the crack ,-.... -
propagation direction was not straight any more, but a characteristic ,. -

deviation to the left or to the right hand side of the original crack 12?

path was observed. Herrmann [151 speculated that this behavior results . .

from stress waves reflected at the free ends of the specimen. The effect - . •-.

obviously depends on the time for the crack to propagate through the

specimen: the deviation becomes more pronounced for faster propagating

cracks initiated from notches of increased bluntness. The change of the

154

4

.% .



;.. .Iy" -J

-I 

. .

Li, N

20.

.W. o-At

% o.. !

-a6.

T i E t O T3 T; 

" ' J .' '

02S

100

L- 2.0PJ

Fi.7Srssitniyfatr 
o prntce bed peimn 

-

B %

K%*% %

under 
drop 

weight 
loading

... 
straight to the curved phase of crack 

propagation has been analyzed by

the shadow optical technique. The high speed photographs indicate a

very low, almost zero crack velocity at this moment. A typical shadow

pattern is shown in Fig. 8a. The shape of the caustic is unsyminetric 
"

and indicates a mode II loadinq superimposed to the original mode I
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loading. Due to this mixed mode loading the crack deviates from its -
original direction in the subsequent step of crack propagation.

3.2 Impinging projectile . .

Specimens of size 400 x 100 x 10 were impacted by a projectile of 200 mm,
length and 50 mm diameter. The length of the initial crack was 26.5 mm. " ._'.
Both specimen and projectile were made from the same material, Araldite B. ,
The projectile was accelerated by a gas gun operated at a very low gas

pressure. Thus, the impact velocities in these experiments were in the

range of 10 m/s only. By the impinging projectile a compressive stress "'."".

wave is initiated w;hich propagates into the specimen. After passage of . .-.

the compressive stress pulse through the specimen and reflection at the
free rear end of the specimen the crack is loaded by tensile stresses.

Shadow optical recordings of these processes have been made by Theocaris ".
et al. 1161. Information on the gross loading condition in the specimen .-

at the location of the crack was obtained from a strain gage which was -.. ,-S.
positioned on the ligament 47 mm ahead of the crack tip (Position A).."

A typical strain gage signal is shown in Fig. 9. The arrival time of

the compressive stress pulse at the location of the strain gage has

been set equal to zero in this diagram. For a period of 280 us the

crack is loaded by compressive stresses; only later on tensile stresses
are built up. The crack tip behavior under tensile loading was studied

by caustics. The high speed camera was operated with a suitable delay

20
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time; the recording times of the 24 shadow optical pictures are shown % ,' .

in Fig. 9 also.

Quantitative data of the shadow optical photographs (see Fig. 5) are

given in Fig. 10. The dynamic stress intensity factor K[ (upper dia-. ,

gram) and the crack length a (lower diagram) are given as functions of %.'

time t. Similar as in Fig. 6 the times are given in absolute units but %

also in relative units by normalization with the time TL. For comparison

the load record from the strain gage is also shown in Fig. 10. Due to

~IMPACT
20 -

f K dyr,

W INITIATION

,-10 K. .

-Cn 2

00 ,, 
-  

, ,

323003 i 360 .. P.

5% , -'S.;,:

20 O 3030 s

'ASTATIONARY CRACK RC

TEM 35' %'% .'

3. S..

2 4L 67L &T 4*

Fig. 10 Fracture behavior of a precracked specimen
loaded by an impinging projectile

inertia effects the loads oA(t) and the dynamic stress intensity fac-

tors Kdyn(t) are not proportional to each other. As with drop weight .

experiments Kid-values calcul3ted in a formal manner from the stress

"A(t=tf) at the moment of instability utilizing conventional static

stress intensity factor formulas would severely overestimate the tough-

ness of the material. The shadow optically determined values of the

critical stress intensity factor for onset of crack propagation were

realistic. But the scatter of data obtained in a series of experiments .

with similar impact velocities was rather large. In particular KId-va
l-

ues larger than the static fracture toughness K1 c were obtained (see .. '.

also Fig. 10). The time to fracture was considerably smaller in these

,S :
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'-' ~ ~~~~experiments than in the drop weight experiments, tf 2 so2.T L ' -..'-.""'-
i.e. the time to fracture became comparable to the information time of -... '
the crack length. It is speculated that stress intensity factors larger _

* 
V1 ,* -* \4,

than KIc might result for Such experiments with very high loading rates .svV.J

because of incubation times which are needed to activate the instability
process. This speculation would be in accordance with a short pulse frac-
ture criterion developed by Kalthoff and Shockey in a previous publica-

tion 1171. More experiments are necessary to investigate these phenomena.

The onset of crack instability is clearly indicated in the crack length-
time plot. Within a very short period of time after instability the crack
has reached a very high steady state velocity v of 365 m/s. For some .. '-.'.,-.
time after the moment of crack initiation the slope of the KdYn(t)-plot

is as steep as before crack instability. Due to the high crack propagation _

velocity and the steep increase of the dynamic stress intensity factor

% ° % % %Pw

a,

a,% %

Fig. 11 Crack branching observed under projectile loading 4 "

with time the fracture behavior is different from the one obtained with ...-.---..

drop weight experiments. Crack branching (see fig. 11) is observed in

almost all the experiments after a relatively short phase of crack pro- %

pagation.

4. Summary and Conclusions

The applicability of the shadow optical method of caustics for determin-
ing dynamic stress intensity factors has been demonstrated. Several

aspects of the fracture behavior of cracks loaded by a drop weight or by

an impinging projectile have been investigated. The stress intensifica-
tion rates and the resulting fracture behavior were different for the ,
two conditions of impact loading. Even for the lower loading rates ob-
tained with drop weight experiments a strong influence of dynamic effects .- - " "
on the loading condition before, at, and after crack instability can re-

1 58.. .
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sult. Further information is necessary to fully understand the dynamic

processes associated with the fast impact loading of cracks.
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ON SOME CURRENT PROBLEMS IN EXPERIMENTAL FRACTURE DYNAMICS .-

J.F. Kalthoff-

Fraunhofer-lnstitut flit Werkstoffmechanik~~~~~~Freiburg, West Germany-., ,"."-

4 1. INTRODUCTION

The term fracture dynamics includes both crack tip motion effects and dynamic loading of

m cracks. Based on the research work at the Fraunhofer-Institut ffir Werkstoffmechanik (IWM)

several topics are discussed regarding the subjects (see Fig. 1): crack propagation, arrest of fact

running cracks, time dependent loading in general, and loading of cracks by sharp stress pulses

of short duration. Following the guidelines of the workshop, previous results are briefly summar- .

ized to state the current situation, but special consideration is given to still open questions and

problems not yet resolved.

C' 2. EXPERIMENTAL TECHNIQUE

Most experimental data reported in this paper have been generated by means of the shadow .

optical method of caustics. The caustics technique is an optical tool for measuring stress inten-

sifications. The method has been applied very successfully in the field of fracture mechanics for -

- determining stress intensity factors. Crack tip caustics are of a simple form and can easily be -

evaluated. The technique, therefore, is very well suited for investigating complex fracture prob-

lems, as for example in fracture dynamics. '-

The physical principle of the shadow optical method of caustics is illustrated in Fig. 2. A pre-

cracked specimen under load is illuminated by a parallel light beam. A cross-section through the ''. .

-. specimen at the crack tip is shown in Fig. 2b for a transparent specimen, and in Fig. 2c for a..,. "?"C-. '.''"

non-transparent steel specimen. Due to the stress concentration the physical conditions at the

crack tip are changed. For transparent specimens both the thickness of the specimen and the

i " "*-'9.'" .
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refractive index of the material are reduced. Thus, the area surrounding the crack tip acts as a

divergent lens and the light rays are deflected outwards. As a consequence, on a screen (image

plane) at a distance z. behind the specimen a shadow area is observed which is surrounded by a

region of light concentration, the caustic (see Fig. 3a). Figure 2c shows the situation for a non-

transparent steel specimen with a mirrored front surface. Due to the surface deformations, light -.

rays near the crack tip are reflected towards the center line. An extension of the reflected light

rays onto a virtual image plane at the distance z, behind the specimen results in a light confi-

guration which is similar to the one obtained in transmission. Consequently a similar caustic is

obtained. In Fig. 3b experimentally observed caustics are shown which were photographed in

trasmission and in reflection with different materials.

The method of caustics was introduced by Manogg 11,21 in 1964. Later on, Theocaris [31

further developed the technique. The author and his co-workers extended and applied Manogg's

method for investigating dynamic fracture phenomena [4-71. For further details of the technique

see 18,91. .4 -

3. DYNAMIC CRACKS

In this chapter dynamic effects associated with crack tip motion are discussed. -- "

3.1 Crack Propipdon

The stress intensification and the path stability of dynamically propagating cracks are con-

sidered in the following two sections.

3.1.1 Stress Intensity- Crack Velocity- Relationship Data on the dynamic stress intensity

factor as a function of crack velocity (K-v-curve) have been obtained by the author and his col- - -

leagues from many crack arrest experiments with various types of specimens made from the

model material Araldite B (see Fig. 4, and [4,5,101). All data lie within a broad band. Large

scatter is observed for each type of specimen, but a tendency for lower or higher values is

observed when different types of specimens are considered. The large variations in stress
intensity for the same crack velocity could be due to modifications in the experimental

VS.
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conditions, which were unavoidable in the course of the investigations (e.g., due to different

batches of material). Therefore, experiments were carried out under practically identical condi-

tions with DCB- and SEN-specimens (see Fig. 5). Two clearly separated K-v-curves were .. ...

obtained, the one for the DCB-specimen showing significantly higher (up to 20 %) values than

the one for the SEN-specimen. Additional experiments with a DCB/SEN-combination specimen

(see insert in Fig. 6) confirmed these differences: Data measured in the DCB-section of the speci- ,. .

men fell on the previously measured curve for the DCB-specimen, and accordingly for the SEN-

section. It must be speculated, therefore, that K-v-curves are not unique, but dependent on speci-

men geometry. Kobayashi, et al. [11] and Dally, et al. [121 measured similar data for the material -

Homalite-i00 by means of photo-elastic techniques (Figs. 7 and 8). Kobayashi concludes that the

scatter in the data is an indication of the non-uniqueness of K-v-curves. Dally [121, however,

argues that the different results are due to insufficiencies of the current data evaluation pro-

cedures and speculates that the K-v-relationship, in particular the stem of the curve, is unique.

In the following paragraph it is assumed for the moment that K-v-curves are uniau . In

order to discuss consequences of this assumption it is worthwhile to introduce and to distinguish

between the following two quantities: the dynamic stress intensity factor Kf"', i.e.,a pure stress

field quantity and the dynamic fracture toughness KD, i.e.. a material property. In an energy

consideration, K" represents a measure of the energy which is available at the crack tip,

whereas VID represents a measure of the energy which is actually consumed at the crack tip for

propagation. Experimental techniques as shadow optics or photoelasticity measure the stress

intensity factor, Kj". The above discussion on the uniqueness or non-uniqueness, therefore, '" .K "

first of all, applies for Kr-v-curves. Thus, it is very well possible that the dynamic fracture

toughness Km(v) is nevertheless represented by a unique curve. As a consequence, it would be

necessary, however, to assume that the two quantities Kr and K[D can take different values.

Km(v) could be the lower bound of all possible Ke(v)-curves, Km(v) 4 K"(v) (see schematic

representation in Fig. 9). This would imply that more energy can be available at the tip of the

S --.- " .- '
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propagating crack than is actually absorbed by the propagating crack.

The speculation of an imbalance between the dynamic stress intensity factor K?"U and the

dynamic fracture toughness KID raises several questions: Is a single parameter (K) description , -

adequate for dynamic fracture problems? Can there be different results if procedures for deter- ' ,

mining the dynamic stress intensity factor are based on different approaches: a localized con- '

sideration of information obtained from a confined area around the crack tip (experimental tech-

niques) or a global consideration of total energy changes in the whole specimen (numerical tech-

niques)? Are there retardation effects if information at finite observation distances ahead of the

crack tip is utilized for determining the dynamic stress intensity factor? (See contribution of L.B.

Freund, this volume.)

More theoretical and experimental investigations are necessary to clarify these points. Experi- -

ments have been performed by the author and his colleagues (131 to simultaneously measure

both quantities, the dynamic stress intensity factor, K", and the dynamic fracture toughness,

Kzx, by two different techniques (see Fig 10). The shadow optical technique was applied for

determining K?y, and temperature measurements were performed to determine the heat produc-

tion at the tip of the propagating crack, which is a measure of the energy consumption (141 and

hence of the dynamic fracture toughness Kni. Preliminary results obtained from experiments

with high strength steel specimens are shown in Fig. 11. All data lie within a large scatter band,

but there is a tendency for Kr" > KED at high crack velocities. More measurements with -.. .

improved accuracy are needed and are currently performed to get more definite results.- . *.

After this discussion based on the assumption that K-v-curves are not unique it shall be

assumed now that K-v-curves are unioue. This would imply that the experimental techniques.\"'._ '.

are insufficient to resolve the uniqueness. In principle, the accuracy of evaluation procedures

which utilize information at finite distances away from the crack tip can be improved by incor-

porating higher order terms of the stress field around the crack tip. Work is carried out at IWM
in cooperation with colleagues from the University of Maryland to study the effects of higher

.. 00
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order terms on the K-determination by caustics. The resulting changes in shape and size of caus-

tics are shown in Fig. 12. Information on the absolute magnitude of the higher order coefficients

is necessary to give quantitative estimates on the conditions under which a one-parameter K-

evaluation yields data of sufficient accuracy. The influences of higher order terms in general are

considered to be less severe in shadow optics than in photoelasticity.

More fundamental research is needed to resolve the uncertainties regarding the uniqueness or

non-uniqueness of K-v-curves.

3.1.2 Crack Path.- The crack propagation direction in brittle materials is controlled by the 0

mixed mode stress intensity factors K4 and Ka [15,161; the directional stability is determined by

the sign of the second order coefficient a2 (171. The formation of a definite crack branching

angle (see Fig. 13) is an example of crack propagation in such a direction that pure mode I load-

ing results: As was found by the author [18], the crack tip stress fields of the branches interact

with each other, leading to a mixed mode loading. The mode-lI ste intensity factor varies in

magnitude and changes sin when different branching angles are considered. Accordingly,

branches with large/small angles attract/repel each other, and crack propagation in the preexist-

ing direction is possible only for a critical branching angle. "--

The crack propagation path in bend specimens, in particular under impact loading, shows

another interesting feature (see Fig. 14). When the crack approaches the rear end of the specimen

it slows down and the following crack path shows a characteristic S-shaped deviation from the

original direction. High speed photoelastic investigations (see Fig. 15, [191) reveal a change from

forward loops to backward loops, which occurs prior to the actual change in the crack propaga-

tion direction. (See Fig. 15, photographs for times > 420 ms). Backward loops are an indication

of a positive value of the second order coefficient a2 . Thus instability of crack propagation direc-

tion is expected according to Cotterell's theory [17]. Caustic investigations some time later, when

the crack has reached almost zero crack velocity, show a mixed mode loading (see Fig. 16, (7])

which then initiates the change in the crack propagation direction. This problem is investigated

:. . .- ,.. . . . . .. ,
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further by studying the effect of stress wave interaction with the propagating crack.

3.1.3 Crack Arrest: Stress wave effects were also found to have a significant influence on the

crack arrest process. Shadow optical investigations have shown (see Fig. 17, [4,51): At the begin- ,

ning of the crack propagation event the dynamic stress intensity factor K P is smaller than the

stress intensity factor of an equivalent stationary crack, KY < Kr'. This is due to elastic

waves which are generated by the propagating crack. Kinetic energy is radiated into the speci-

men. At the end of the crack propagation event, in particular at arrest K?" > KF, since

waves after reflection at the finite boundaries of the specimen interact with the crack (see Fig. .

18) and contribute to the stress intensity factor. Only after arrest, the dynamic stress intensity

factor KP approaches the equivalent static stress intensity factor at arrest, Kr, via an oscilla-

tion with damped amplitude. The wave effects during the run-arrest event initiate a vibration of 41

the total specimen. The observed experimental findings confirm the Battelle concept of

recovered kinetic energy [20,21].

Thus, a statically determined crack arrest toughness KC can not represent a true material .- ..

property. Only a dynamically determined crack arrest toughness, K&, or K1 [5,211 can reflect

the true arrest behavior of the material. However, since dynamic effects in large scale structures

in general are smaller than in the relatively small laboratory test specimens, static crack arrest ..

analyses will yield conservative safety predictions 122]. On the basis of this understanding the

static crack arrest concept can be applied by the practical engineer. Crack arrest safety analyses

would be more widely used in practice if a standardized procedure for measuring the crack arrest

toughness Kh would have been released by ASTM already.

In order to minimize errors in the static crack arrest concept resulting from neglected

dynamic effects an RDE-(_reduced dynamic effects)-specimen has been developed at IWM (see

Figs. 19 and 20). Edges and boundary of the specimen were shaped to reduce wave reflection

and to defocus reflected waves. Damping material and additional weights are attached to the

"wings* of the specimen to absorb kinetic energy and to increase the period of the

* .. . 4.o,',..-
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eigenoscillation of the specimen in order to reduce the recovery of kinetic energy. Statically

determined crack arrest toughness values Ka" are shown in Fig. 21 for the RDE-specimen in

comparison to data obtained with other crack arrest specimens. The dependence on crack jump

distance is about three to four times smaller for RDE-specimens than for the most commonly * '-

used C-specimen.

4. DYNAMIC LOADING OF CRACKS
- p...- .-. '-

The fracture behavior of cracks under time dependent loads in general is discussed in the fol-

lowing chapter. The loading times are assumed to be considerably larger than the time it takes -

waves to travel the distance given by the crack length. Effects resulting for shorter load durations

are discussed in a separate chapter.

4.1 Time Dependent Load.,.

4.1.1 Stationary Cracis: A procedure [231 has been proposed to ASTM for measuring the

impact fracture toughness KId of steels with precracked Charpy specimens. The procedure 4

assumes that dynamic stress intensity factors can be determined from loads registered at the tup - .,...

of the striking hammer via a static analysis, if the times of interest are larger than three times the

period il of the eigenoscillation of the specimen (see Fig. 22). A comparison of such stress inten- S

sity factors, denoted K1, with the actual dynamic stress intensity factors, Kt', determined by

shadow optics, is shown in Fig. 23, [61. The results were obtained with specimens of enlarged

size made from Araldite B or a high strength steel, tested under drop weight loading ai 0.5 m/s.

Marked differences were measured between Kf m and K?', even for times t > 3 il. Furthermore,

such large times to fracture could be obtained only by utilizing low impact velocities. The speci-

men behavior was investigated further by also measuring the specimen reaction at the anvils

[24). Figure 24 compares the load measured at the striking hammer (a), the stress intensity factor

measured at the crack tip (b), the load measured at the anvils (c), and the position of the speci- .

men ends with regard to the anvils (d). The late registration of load at the anvil results from a

ls of c- t . .'." loss of contact between the specimen ends and the anvils. This loss of contact can later occur for ." .°-'.'.

* d ~ P Z *.**.*~*** ..-.. ° • - . . .
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a second time and loss of contact can also take place between the hammer and the specimen (see ..

Fig. 25). These effects demonstrate the strong influence of inertial effects during impact loading. 6.

It is concluded, therefore, that the determination of reliable impact fracture toughness values K1d J .%

at reasonably high loading rates does require a fully dynamic evaluation procedure. '. .

Therefore, the author and his colleagues developed the dynamic concept of impact response ot

curves (see Fig. 26, and [25]): For fixed test conditions (i.e., specimen geometry, hammer mass,

.5- impact velocity, etc.) the dynamic stress intensity factor versus time relationship is determined

by means of the shadow optical method of caustics with a high strength steel specimen. The

K -t-curve (impact response curve) applies for all steels provided the conditions for small scale . -'.

yielding are fulfilled. In the real test-experiment with the steel to be investigated, then only the

time to fracture is measured (e.g., by an uncalibrated strain gage near the crack tip). This time

together with the preestablished impact response curve determines the impact fracture toughness ,

value Kid. This procedure has been applied successfully with two structural steels (see Fig. 27) ..'"

impacted at 5 m/s. Although fracture occurred at about 0.5 q only, the concept of impact

response curves gave reliable data.

Work is continued to extend this technique to increased loading rates. Data at loading rates

sufficiently higher than those obtained in drop weight experiments allow to discriminate between

the following behavior the existence of a minimum fracture toughness, a continuous decrease or ....

". a final increase of toughness with increasing loading rate (see Fig. 28). Experiments were per- -

formed with a gas gun by firing a projectile against a precracked SEN-specimen (see Fig. 29).

After reflection of compressive stress waves at the free ends of the specimen,the crack is loaded .

in tension (Fig. 30). Shadow optical analyses indicate dynamic fracture toughness values Kw
• qw q

- which are equal to or larger than the static fracture toughness K1, (see Fig. 31). A toughness

increase with increasing loading rate, i.e.,with decreasing time to fracture, was also observed by .. ,

Ravi-Chandar and Knauss [261 with Homalite 100 specimens loaded by electromagnetic tech-

niques (see Fig. 32). Such a behavior can be explained by assuming the existence of an

,, -. . ',-.
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incubation time (see Fig. 33): According to this assumption the crack tip would have to experi-

ence a supercritical stress intensity factor for a constant (very likely material related) minimum

time before onset of rapid crack propagation can occur. More data at varying loading rates are

necessary to verify this assumption.
%

4.1.2 Interaction of Multiple Cracks: Due to mutual interaction, the stress intensity factors KI--
I|P

of two parallel cracks under static loading condition are smaller than the stress intensity factor

for an equivalent single crack. In addition a superimposed mode 11 loading results (see Fig. 34,

Experiments were carried out to study the interaction of two parallel cracks under stress pulse

loading (see Fig. 35). Shadow optical photographs and the resulting quantitative data are shown

in Figs. 36 and 37 [271. At very early times the crack which is hit by the tensile pulse first shows

a qsii behavior as the single crack, and the second crack is only less loaded. Some time later,

however, the situation changes and the second crack exhibits the larger stress intensity factor.

This process varies periodically. At larger times the average stress intensity factor of the parallel

cracks is smaller than the one of the single crack, just as in the static case. This behavior is of 4

significance for the fracture behavior of multiple crack configurations under dynamic loading

conditions.
5. u.p - :::

4.1.3 Propagating Cracks: Problems are more complex for propagating cracks under time

,." dependent loading. Kanninenet al. [28,291 analyzed the crack initiation and crack propagation .'

behavior in precracked bend specimens under quasi-static and under impact loading conditions
(see Fig. 38). Dynaraic fracture toughness values Ka..v) inferred from these tests were roughly a

'.5 factor of two different [291. This finding relates to the question of the uniqueness or non- .
• .. o..

uniqueness of K-v.curves and would be of great significance for the relevance of safety con-
,. % . .

siderations based on impact test data. The problem is addressed and further clarified in the con- . l 91

."S. tribution of M.F. Kanninen, in this volume.

,.. ~ . --....
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4.2 Short Pls Loading

The author and his colleagues at SRI-International studied the fracture behavior of cracks

loaded by stress pulses of durations which are comparable or even smaller than the time it takes

waves to travel the distance given by the crack length [30-32]. If the pulse duration is decreased Nr'%

below a certain limit, a stress intensity factor according to a simple e, f-3-relationship does

not apply anymore. Instead the behavior is controiled by a rather complex strers intensity his-

tory (301. The stress inteasity increases with time to a maximum value which is reached at the

end of the pulse; the stress intensity factor then drops off again. The maximum value is -

01 0 /'" with a = c • T. and a.f < a.. To is the pulse duration; c is a wave speed.
Assuming that the crack has to experience a supercritical stress intensity factor for at least a cer-

tam minimum time in order to become unstable a short pulse fracture criterion was developed.

According to this criterion and the stress intensity history discussed above, higher critical stresses_-.. * -

Are predicted to bring a crack to instability than in the equivalent static case. Furthermore,the

instability stresses should not depend on crack length. The general instability behavior of cracks

with different lengths subjected to different loading conditions, i.e., pulse amplitude and pulse . '.

duration, is shown in a three-dimesional (u-a.-T)-diagram, see Fig. 39, [301. The short pulse

fracture behavior is represented in the rear right section of the diagram. The front left regime

(long pulse durations, short crack length) shows the usual static behavior. Short pulse fracture .. . . ..

experiments were performed by Shockey, et al. [31,32]. Cracks of different lengths in various . -

materials were subjected to stress pulses of different durations (see Figs. 40 and 41, and contribu- _ K

tion of D.A. Shockey, et al. in this volume). The good agreement with the theoretical predictions .','.

demonstrates the applicability of the developed short pulse fracture criterion.

.L
5. CONCLUSIONS

Several different problems in the field of fracture dynamics have been discussed. In many

cases the physical principles which control the dynamic event are well understood. So it is evi- '-'.

dent that dynamic processes as crack arrest, impact loading of cracks, short pulse loading of -- "I 

o. .o.
4,, 
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cracks, can accurately be described only by dynamic analyses. Static procedures can lead to

erroneous results and are applicable only with restrictions. Some fundamental problems in frac-

ture dynamics, e.&., the energy transfer at the tip of propagating cracks, the crack path stability,

the applicability of a single parameter (K) description, the influence of far field effects, etc.,

seem to need further clarification from both the theoretical and the experimental point of view.

." .- "-°.
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Abstract-The fracture behavior under high rates of loading is investigated. l'recracked spec-
imens made from the material Araldite B and a high-strength steel are loaded h% impinging ,,
projectiles. The shado. optical technique in combination with high-speed photograph% is used
to investigate the stress history in the specimen and to measure the toughness o':the material.
Onset of rapid crack propagation is obtained within loading times of a feu microseconds only.
i.e. at crack-tip loading rates higher than I17 MN-m' 2s '. .The fracture toughness measured % . N, ?.%
wAith Araldite B does not show a significant dependence on the loading rate. but the data meas- , "
ured with high-strength-steel specimens indicate a sharp increase offracture toughness at loading
rates exceeding a certain limit. An attempt is made to explain the observed behavior assuming
the existence of an incubation time for a crack to become unstable.

I. INTRODUCTION

FOR MOST materials the fracture toughness measured under conditions of impact loading, Kid,

is lower than the static fracture toughness Kt. Due to rate effects the toughness decreases
with increasing loading rate. This behavior is observed with intermediate loading rates as ob- -
tained with the usual drop-weight test devices. But it is not a priori evident that the same
behavior applies for high loading rates as well. There are three possibilities as depicted in Fig.
I. (a) The impact fracture toughness continues to decrease with increasing loading rate. (b)
The impact fracture toughness reaches a certain minimum level and remains at this level at
higher loading rates. (c) The impact fracture toughness reaches a minimum and increases again *. - -.

if the loa-ding rate exceeds a certain limit.
Behavior (a) is not very realistic since this would imply that the impact fracture toughness

ultimately becomes zero. The existence of a minimum fracture toughness as in case (b) is more
likely: Dislocation movements reduce the stress concentration at the crack tip and lead to the
formation of plastic zones around the crack tip. These plastic zones absorb energy before failure
occurs and thus control the impact-fracture-toughness value. With increasing loading rate. -- '
however, the dislocation processes become less effective because of the finite velocities as-
sociated with dislocation movements. Consequently, at sufficiently high loading rates the dis- %

location processes cannot be activated at all, and a constant behavior should result from then
on for all higher loading rates. It is of course also possible that material processes of completely
different nature become effective at very high loading rates, causing an increase in impact
fracture toughness with increasing loading rate, as in case (c). A determination as to which %%"
behavior applies can only be made on the basis of experimental investigations. %

In one of the earliest publications on this subject Eftis and Krafftl I] reported on dynamic-
fracture-toughness data. The authors measured the impact fracture toughness Kid of mild steels
in drop-weight experiments but did not make any direct measurements at higher loading rates.
They measured the fracture toughness of propagating cracks instead and correlated the crack
velocity to the crack-tip loading rate obtained in impact experiments. Their measured increase
in toughness for a propagating crack with increasing crack velocity, however, does not nec- .

essarily indicate that the same behavior applies for stationary cracks impacted at increasing
levels of loading rate. The stress fields of propagating cracks and of stationary cracks under Mot"

impact loading conditions are different[2. 31. Furthermore, the physical processes which control " ., -

the energy balance in these two cases can also be very different.
Direct measurements of the impact fracture toughness at high loading rates have been

performed by other investigators, e.g. Shockey et al.14, 51, Costin et aI.[61, Klepaczko et al.[7,
81, Ravi-Chandar el al.191. etc. Different experimental techniques were applied to achieve very %

high loading rates. These include flyer-plate arrangements, split Hopkinson bars, electromag-
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Fig. 1. Possible behavior of impact fracture toughness on loading rate.

-0netic forces, and so on. A clear understanding of the dependence of the impact fracture tough-..,..,:
ness on loading rates does not emerge from these results. The amount of data is limited and a
comparison of data obtained with different loading techniques, different materials, and different r.,:. ,,
evaluation procedures is difficult. Although for most data Kid < Kic several results indicate'.''.-'--.
that above a certain loading rate the impact fracture toughness Kid Will increase again[8-10]."-"""-"-'

This paper presents high-rate fracture-toughness data which were obtained under impact"'""'""'
loading conditions by directly evaluating the local crack-tip reaction at the instant of crack """"..
instability. The loading device. the measuring technique and the evaluation procedure for de- ...
termining the impact fracture toughness are described. An attempt is made to explain the ,

I- -% TOUGHNESS

observed behavior by modifying the usual static criterion for crack instability. ,x-- '.

• ..S.5-., .& ,

2. EXPERIMENTAL TECHNIQUES.-..-.- .

- - . ,. %-.

Specimens are loaded by impinging projectiles to bring the cracks to instability within short """-"
loading times. Shadow optical techniques in combination with high-speed photography are
utilized for monitoring the load history in the specimen and for measuring the crack-tip stress- ..

intensity factors as a function of time Details of the techniques are described in the following

sections. ..-. . . .

2.1 Loading technique and measuring procedureifern
SEN-type specimens of length L, and height H, are impacted by a projectile of length L,

0.5L, made from the same material as the specimen. The projectile with a circular cross-
section of diameter Dp is accelerated by a gas gun to velocities considerably higher than those
obtained in drop-weight experiments The length ofhe initial cracks is a = 0.5H .Specimens
made from two materials aree thetmeasuringateche epoxy resin Araldite B and the high -
strength maraging steel X2 NiCoMo 18 9 5. A schematic representation of the experimentalsetup is given in Fig. 2. The absolute dimensions of the specimens and the projectiles used in l

the experiments are given in Table p. relrit.cona t tn r
When the projectile comes in contact with the edge of the specimen compressive waves

iiare generated which propagate into both the specimen and the projectile. These waves are -
reflected at the free ends of the specimen and of the projectile, thereby changing into tensile
waves. Later on these reflected waves meet in the middle of the specimen plate, creating a
state of tensile stress, which rapidly increases with time and spreads across the entire specimen.

Due to subsequent reflection processes compressive strees build upagi at later times The ' '
total duration of the resulting tensile-stress phase is equal to the time for the stress waves to- r eeae hc rpgt nobt h seie n h rjcie hs ae r . ..- - 1
rele ttefe nd fteseie n f.h rjcie hrb changing..into.tensile "
wae.Lae.n.hs.rfete aesme in th midl of th spcie plate,-creatinga.

i ,. ..r. -, ,,-,. state_, of,,.tensile' stress,. hichz rapdl increase with. time',-' and. spreads across the, entire.' specimen,.. . . :"..' . .--

r. ~l,;, '.2, v.,T.J¢.le Du2e 1 ' to ubeqen reflection¢.,' " ¢ procsse coprssv strsse build up:- again- at ,' later ti. The- .-,, ' '.z..-- . .
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Fig. 2. Experimental setup and shadow optical measunng arrangements in transmission and in -
reflection.

make a round trip along the length of the projectile. The amplitude of the stress pulse is con-
trolled by the impact velocity. The cracks are brought to instability within the early phase of

"P. the tensile stress state when the stresses increase rapidly with time.
In order to examine whether the stress history in the specimen follows the above-described

expectations the shadow optical method of caustics is applied in preexperiments using small--, -

holes drilled into the specimen as stress indicators. The shadow optical technique is also applied
in the main experiments for measuring the crack-tip stress-intensity factors at the instant of
crack instability, i.e. the impact fracture toughness. A brief description of the shadow optical ,
principle is given for a better understanding of results presented in Chapter 3.

2. The shado' optical method of caustics
The stress concentrations along the boundary of holes and at the tip of cracks result in

local changes of the thickness of the specimen and also in changes of the refractive index of %-"
the material when transparent specimens are considered. Consequently light rays of a parallel- -
light beam illuminating the specimen experience slight deviations from their original directions
when traversing a transparent specimen or when being reflected at the mirrored front surface
of a nontransparent steel specimen. These deviations result in nonuniform light distributions
in so-called reference planes or shadow planes, located at a distance zo behind or ahead of the
specimen (see Fig. 2). These light distributions represent quantitative descriptions of the stress
concentrations in the specimen. Reference planes located behind (ahead of) the specimen when .
looking in observation direction of the camera are characterized by positive (negative) values - ,

Table I. Dimensions of the specimens and the projectiles " " """

SPECIMEN PRO JEC TILE 

LENGTH HEIGHT THICKNESS LENGTH DIAMETER
Ls. mm H..mm ts. rm Lp.mm Dp,mm 

ARALDITE B 400 100 10 200 so
STEEL 250 100 19 125 50

% , . .

44 ..... °.. ........ ** * 41.%'"."
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o and vield virtual (real) images (see Fig. 2). For a more detailed description of the physical
principles of the shadow optical method of caustics see I Ill I

- ~Shadow optical pictures of' a circular hole subjected to biaxial stresses 1). (1 with p " q and ' %

of a crack or a notch subjected to mode I tensile or compressive stresses are shown in Fig. .3.
Each line represents the locus of' deflected light rays. The light distributions have been nu-
merically calculated according to the shadow optical mapping equationsl Il11. The same shadow&
patterns can result for diffevent registration arrangements. i.e. reflection or transmission. pos-
itive or negative values of the distance zo. The shadow areas (dark regions in Fig. 3) are
separated from the areas of light concentration (high density of bright lines in Fig. 3) by sharply
bounded curves, called caustic curves. The size of the shadow pattern. i.e. the size of the
caustic curve. is quantitatively correlated to the corresponding stress concentration problem.
i.e. the stresses p. q for the hole problem or the stress intensity factor K, for the crack problem. *.

With the maximum diameters D of the caustic curves defined in Fig. 3 ManoggI 121 obtained

1.64 x 10 4

IP 11 =I D 0 I

K,_9.34 x 102

where

17q hiaxial stresses.
R radius (if the hole.

K, mode I stress- inte nsity factor.
zo distance betwkeen specimen and shadowk plane. r.
I maximum diameter of the caustic.%

shado" optical constant of the material
-0.97 , 10t) m-iN for Araldite B in transmission
2v1E for alt materials in reflection.

E Young's modulus.
p Poisson's ratio.

effective thickness of the specimen
-d for transparent specimens

d,'2 for nontransparent specimens in reflection.
d physical thickness of the specimen.

The shadow optical light distributions presented in Fig. 3 and the resulting eqns (1), (2) have

p q.T z. 0 pqRz 0 pq.T.z 0 piq R z,. S.

p 1'0 Tj.'0 p1 ~R q. T<~. z' 0 p(,'0 z.-

K, 0.T z K0 R z'-O Kt 0 Tze,0 K- Z,-Cj

1-ig. .3. ShadoA optical light dist rihuo iins (calcula ted i. 7 - ranisaillion. R~ telecti on.

'S -d
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loading under these registration conditions generates an area of brightness bounded by a
heart-shaped caustic curve. The maximum diameter of the dark shadow spot according to
eqn (2) is a quantitative measure of the crack-tip stress-intensity factor.

In order to register shadow optical pictures in dynamic situations at successive times a ..
Cranz-Schardin 24-spark high-speed camera is used in these investigations. The camera istriggered by a signal obtained from a laser beam which is interrupted by the projectile beforeP it impinges upon the specimen. *.

3. EXPERIMENTAL RESULTS

Preliminary experiments have been performed to determine the nature of the stress history
• ' in the specimen. These investigations have been carried out with an Araldite B specimen con-

taining a series of II holes of I mm diam and 10 mm distance drilled into the specimen along
.4 the longitudinal direction of the specimen (see schematic representation in Fig. 2). A series of

24 shadow optical pictures photographed at successive times are reproduced in Fig. 4(a). The
recording times are given with each frame. The time at which compression changes into tension
has been set equal to zero in the figure.

The first pictures show the propagation of the compressive wave into the specimen (frames
1-5) creating a rather uniformly distributed compressive stress field (frames 6-11). The com-
pressive stresses then become smaller and change into tensile stresses, as is indicated by the -

change in the direction of the shadow patterns (frames 12-14). Within a relatively short time
of about 50 I±s the shadow patterns gain their maximum size. Uniformly distributed tensile .-.-... ,
stresses are observed for the following time interval (frames 15-22), later on the stresses change
into compression again (frames 23-24). Further investigations with a row of holes oriented ,
along the transverse direction of the specimen also showed rather uniformly distributed stresses ,.

%,%

.- ~~~ % V .s .'..

. u..Z.7

. " - . 5 . o

Fig. 6. High-speed series of shadow optical photographs obtained with an Araldite B specimen
in a transmission arrangement for . 0

*. ,.,. %*

~~- ....-..
I,...--.:

J-ig 6. Highspeed series, of shadow opiK.It photographs otatined w~ith at high-strength-teel 2
,pecimen in a retleition arrangement for : 0 .','.°," "
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in this direction, particular at later times during the event, i.e. during the tension phase. .
The formation of crack-tip caustics under these loading conditions has been investigated .in another experiment (see Fig. 4(b)). A -single edge notch instead of a sharp crack has been -"

utilized in this in\estigation to alloy, for compressive stress concentrations to build up at the .
notch tip. According to expectations (compare with Fig. 3b a compressive notch-tip shadow
pattern is observed luring loading in the compressive stress phase It < 0), hich then changes .
observed tensile-notch-tip shado\% patterns show a slight as% mmetry resulting from disturb- " .

in•tnies~d~pten le h ple teshscagdit eso ) The'-* - , .

ante, of the compressive stress pulse %k hen traversing the notched part of the specimen. These
disturbances do not occur in the main experiments since a sharp crack is able to transmit the
compressive stresses. In fact, in the main experiments sawed-in notches have also been used,
only at their tips they had been extended through a short distance by precracking. But a thin A"
plate having a thickness equal to the width of the saw cut had been inserted into the notch to
allow for the transmission of the compressive stresses.

Main experiments with precracked specimens made from the two materials Araldite B and " "
high-strength steel have been performed to measure the impact fracture toughness. Figure 5 -
shows a series of' shadow optical photographs observed with an Araldite B specimen in a
transmission arrangement for zo < 0. Figure 6 shows equivalent photographs observed %kith ahigh- strengt h-steel specimen in a reflection arrangement for ,,> 0. The crack-tip caustics .- , 7 "
indicate an undisturbed mode I loading of the crack. The growth in crack length and waves
emanating form the crack tip (in particular with the steel experiments. Fig. 6) define the instant
of crack instability.

Quanitative data on the measured times to fracture are shown in Fig. 7. The time to fracture
is defined as the time interval from the beginning of the tensile-loading phase to onset of rapid
crack propagation. The impact velocity was varied from about 10 m/s to 40 mis for Araldite B
and to 8t) m/s for steel. Higher impact velocities could not be used due to experimental diffi-
culties: Damage occured at the contact area between the projectile and the specimen. Fur-
thermore. disturbances showed up in the shadow optical photographs resulting from stress -.
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1MEASURING TECHNIQUE SHADOW OPTICS ARALDITE B
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steel. For comparison data obtained at lower loading rate, and at quasi-static loading condition,
are also shown. These data were measured by the author and his colleague" v.ith fast-tcnsion
tests[ 13], drop-weight tests[ 14], and precracked (.'harpy tests] 13]. The shadow optical method
was used in most of these experiments for oetermining the impact fracture toughness. With -

Charpy specimens, however, the concept of impact response curves 15] was applied.
The obtained results are quite different for the two materials investigated. Within the time . -.

range considered the impact fracture toughness data measured with Araldite B do not showk a
significant dependence on loading rate. The data are scattered around a value which is identical " -
with the static fracture toughness K. of the material. On the other hand. the impact-fracture- " -

toughness data for the steel X2 NiCoMo 18 9 5 are strongly dependent on the loading rate. For
times to fracture in the range of 10 Ips the measured fracture toughnesses are smaller than those
at larger times to fracture. Furthermore. data measured at times to fracture below 10 I.s show "
a sharply increasing trend. Impact-fracture-toughness values measured at 6 pLs become even
larger than the static-fracture-toughness value K.. Although the data necessarily show a large

4. scatter due to the limited time resolution of the high-speed camera (i.e. I I.s) the trend in the
shadow optical data is very pronounced and far beyond any uncertainties due to experimental
scatter. At loading rates above a certain limit the impact fracture toughness of this steel ob-
viously increases with increasing loading rate.

4. SUMMARY OF CONCLUSIONS AND DISCUSSIONS

Projectile loading of precracked SEN-type specimens provides an appropriate experimental O
tool for achieving very high loading rates. An undisturbed mode I tensile loading of the cracks "
is obtained. Onset of rapid crack propagation is observed within loading times of a few mi-
croseconds only. For steel these times correspond to crack-tip loading rates K, in excess of
l0' MN'm- '2.s - I The fracture toughness data measured with Araldite B specimens do not
show a significant dependence on the loading rate. But the fracture toughness data measured
with high-strength-steel specimens indicate a sharp increase of fracture toughness at loading
rates exceeding a certain limit. "
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*Stich an increase of the impact fracture toughness with decreasing time to fracture can he
explained if the usual static instability criterion is modified by assuming the eststence of an
incubation time, ats is illustrated in Fig. 10: According to this assumption the crack tip would
have to experience a supercritical stress-intensity factor K, > K_, for at certain minimum period
of time before onset of rapid crack propagation can occur. This time interval is called the

V incubation time. It is very likelv that this time is related to certain material processes and.
therefore. is different tor different materials. If the stress-intensity factor K',"" increases slowly
with time the delay in instability due to this incubation time is negligible. Consequently the
critical stress-intensity factor for the onset of rapid crack propagation Kia would be practicall
the same as the value K, 1 . However, if the slope of' the KI"'() curve is very steep then the
stress-intensity factor will increase significantly within the incubation time. Thus the critical
stress-intensity factor for the onset of rapid crack propagation. Ka . would be considerably
larger than the value Kcrai. Consequently, impact-fracture-toughness values determined from
measurements taken at the onset of rapid crack propagation would increase with decreasing
time to fracture. i.e. with increasing loading rate. The data presented in Figs. 8 and 9 for the-
two materials investigated appear to indicate that the incubation time for Araldite B is consid-
erably smaller than that for steel.

It should be emphasized that although the concept of the incubation time explains the
* experimental observations presented here, this does not necessarily imply that it is the only

explanation. The existence of the incubation time is a hypothetical assumption. An explanation
on the physical background of the incubation time is not presented. The validity of the concept
must be tested through further experiments with a variety of materials and through theoretical
modeling and analysis of the material and mechanical processes that may occur near the crack 0~ *~

tip at such high loading rates.
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